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INTRODUCTION
The project 1011, entitled "Utilization of Alumintim and
Aluminum Products in Farm Buildings and Equipment" was initiated
on April 1, 194-7 at the Iowa Agricultural Experiment Station.
The project was sponsored by the Aluminum Company of America*
The title of the project speaks for its purpose.
The first significant development of aluminum as a common
commercial metal came in 1890 n^en it was found that the metal
possessed a combination of properties ideally suited for manu
facturing cooking utensils. From its start in the kitchen, the
use of aluminum has expanded to almost every room in a modern
home.
A great variety of industrial uses of aluminum have been
brought about since the development of the electrolytic process
for the production of the metal almost sixty years ago. Use
of aluminum conductors for transmission of electricity has been
known for the last forty years. The metal has acquired an im
portant place In the transportation industry. In fact, the
transportation industry is the largest single user of aluminum.
During World War II, the production capacity of aluminum
in this country expanded far beyond any normal peace time
growth. The Figures 1 and 2 give an idea of the rapid expansion
of aluminum industry during the second world war period. Alum
inum was one of the most Important materials In production of
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jn^a 19A3 194-4-
Fig. 1, Production of Aluminum in the United States
iBP n::'? 19^*^ 1^5
Fig.2. Aluminum Production of the World
Reproduced from An Outline of Aluminum. Aluminum Company
of America, Pittsburgh, Pa. 1945.
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alrtfrafts* At one time about ninety percent of the metal was
going into war plane production.
After the war was over, the future of the aluminum industry
depended upon its ability to develop new markets for its expand
ed production. The farm might furnish a large market for the use
of aluminum products. However, it is evident that improper
usage of aluminum may be detrimental to farm buildings and farm
equipment and also harmful to the Industry. Furthermore,
farmers as a class are sometimes reluctant to change from using
materials with which they are familiar and to accept some other
material that Is more or less untried and not proven in ability,
lilttle is known at present about the suitability of aluminum
for use on the farm but it appears to have many potential uses.
Some of the chief possible uses are for roofing, siding, as
structural members, painting, priming, insulation, grain bins,
and any equipment handled by hand where lightness may be a
factor. However, at present little is known In regard to its
suitability for meeting various conditions found on the farm.
Also not much Is known about the method of u^e. In fact, very
little has been done in adapting aluminum for farm use. The
main objective of the project 1011 was to find out, through
research, the suitability or otherwise of aluminum in farm
buildings and equipment.
At present, aluminum has been used on the farm chiefly for
roofing purposes. It seemed that this was due to the shortage
of other roofing materials during and after war. So the
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question was whether aluminum was merely a substitute or did
It have desirable qualities which might merit its use as a
roofing material even if there were no shortage of other roof
ing materials. To analyze this question, much information is
needed as to Its method of application and its performance as
a roofing material. The proper method of application of alum
inum roofing involves the study of roof deck requirements, end
and side lap requirements, nail requirements, etc. The perform
ance of aluminum as a roofing material involves the study of
effects of its use on the temperatures inside various farm
buildings, the gages and size of corrugations which can give
enough strength and rigidity, effects of expansion and contrac
tion due to temperature changes and such other topics.
The work described in the following pages deals with the
effect of expansion of corrugated alminum roofing sheets due
to temperature changes.
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JtJSTIFICATION FOR STUDY
According to the 194-0 United States Census (8), farm
buildings of the United States were evaluated at little over
ten billion dollars which was about twenty five percent of
the total value of farm property like land, implements and
livestock. Iowa leads all other states of the country in farm
building investment which is little less than 800 million
dollars (7). In other words, out of every twelve dollars in
vested in farm buildings in the United States one dollar is
invested in Iowa,
Dale (3) made a study of relation of cost of various
components that go to make a roof and the cost of labor for
fifty-three roofs with various combinations of sheathing
spacings and roofing materials. The study showed that the
cost of roofing material was 54-.2 percent of the total cost
for the lowest cost roof while it was 40.6 percent for the most
expensive roof. These figures show that from the monetary point
of view roofing material is one of the important considerations
in the construction of roofs* Also there is another angle.
Almost any type of farm building in Iowa needs a roof because
of climatic conditions of the state. If you have to have a
roof, it should be a satisfactory one* A roof Is expected to
protect the enclosure which it covers and also the contents in
the enclosure. The cost of contents might run quite high on
-6-
a farm* A leaky roof can be a cause of serious damage to the
contents under the roof. In other words, the quality of farm
products does depend upon the roof to a certain extent. A roof
is satisfactory if it keeps out rain, snow and wind, has
reasonably long life and is economical.
Dale (4) describes the desired features of an ideal roof
as follows and he also shows to what extent an aluminum roof
approaches it.
1, Resistance to firei Aluminum roofing prevents
fire caused by sparks; it will not burn unless
heated to extremely high temperatures. Wlien
grounded, it offers ample protection from
lightning..,,
2, Structural adaptability and stability* Being
of light weight, 1/3 of the weight of steel for
equal gages, aluminum sheets do not require a
heavy frame work as is needed by most other
roofing materials. There are some complaints
that aluminum roofing is sometimes difficult
to hold in place under windy conditions. Of
cotirse all roofing materials must be securely
anchored and aluminum is no exception here,
3. Resistance to water and passage of water vapors
Aluminum is impervious to wster or water vapor,
4. Ease of application: Corrugated aluminum sheets
can be laid without skilled labor with regular
carpenter's tools.
5« Low first cost; low maintenance expense and long
life: Aluminum costs very little more than
most other roofing materials and is lower in
cost than some; however, the initial cost does
not tell the complete story. Low maintenance
may more than offset the higher cost of a roof
ing material if it requires little maintenance.
This is one thing that definitely should be
considered and aluminum offers as low an upkeep
as any other roofing material Aluminum
will not rust. As for long life, aluminum may
easily outlast the useful life of the building
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Itself. It offers a possibility here that few
farm building roofing materials approach at
present.
6. Insulating properties* Aluminum roofing due to
its high reflective value, probably offers more
insulating and heat protection than any of the
other materials
7, Good appearance! A well laid aluminum roof has
a good appearance which will last indefinitely*
Thus it seems that if the merits of aluminum are proved
through research work, aluminxim might be popular with farmers#
But before that happens, some of the problems connected with
aluminum need solution. One of the problems which needs
solution is the effect of temperature changes on expansion
and contraction on aluminum roofing. In Iowa, the temperature
differentials are quite high. The temperature goes down as
low as or lower than -20 degrees F and climbs up as hfgh as
or higher than 110 degrees f. Aluminum has comparatively
large coefficient of thermal expansion. Coefficients of
thermal expansion of common roofing materials like wood,
asphalt, steel are lower than that of aluminum. The coefficient
of wood varies with species and the direction. The coefficient
of structural steel varies from 0.000006 to 0.000007 inch per
inch per degree Fahrenheit. The coefficients of wrought alum
inum alloys used for structural purposes varies from 0.0000114-
to 0.0000128 linch per inch per degree Fahrenheit. (1, p. 12).
Wrought aluminum alloys have an average coefficient of 0.0000125
which is approximately two times the value for structxiral steel.
This means that for the same change in temperatures, the
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expansion of aliimlnnm will be twice that of steel for a given
length. The large coefficient of thermal expansion niakes it
essential to study the behavior of long structxiral members made
up of aluminum* If a body is heoted, it expands unless It Is
restricted by some means. The amount of expansion depends
upon its coefficient of expansion, its dimensions, and the
change in temperature. There will be strain but no stress.
But if the temperature of the body is raised and the expansion
of the body is restrained by some means, stress will be set
up In the body. The magnitude of the stress depends upon the
extent to which the body is restrained. If no strain is
allowed to take place, the stress developed will be maximum
for a given temperature differential.
Aluminum roofing sheets are put on the deck and fastened
with nails at some temperature. The temperature rises in
summer and goes down In winter. The roofing sheet tried to
expand In summer and to contract in winter. When the sheet
tried to expand ^ the nails restrain some of the expansion.
To restrain expansion of the roofing material, nails have to
exert some force on the sheet. This force develops a compress-
ive stress in the roofing material. One of the results of
this physical action (Figure 4) Is the development of bearing
stresses between the nails and the sheet. The yield strength
in bearing of the aluminum alloy out of which corrugated
sheets are made is 33000 p.s.l. (1, p.67). It is feared in
some quarters that the bearing stresses developed would be
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large enough to tear the sheet around the nail hole or they
would enlarge the nail hole which may result in a leaky roof.
It is also feared that long sheets may buckle and loosen the
nails. No information, backed by research, is available as to
whether these fears are right or wrong. The work described in
the following pageswas done to get answers to some of these
problems. These tests dealt only with corrugated aluminum
roofing material.
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OBJECT OF STUDY
The objectives of the investigations arei
1, To determine approximately the bearing stresses
developed between the corrugated aluminum sheet and the
nail when the temperature is raised from 20*^ F to
120®
2, To see If the sheet might tear around the nail hole.
3, To see if the nail hole enlarged.
4, To see if there Is any appreciable buckling.
The general objective of this study is to see whether
a temperature differential of one hiindred degrees Fahrenheit>
20° F to 120° F, has any undesirable effects on the perform
ance of the corrugated aliuninum sheet roofing.
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INVESTIGATION
Theoretical Analysis
An attempt was made to analyze the effects of thermal
stresses theoretically to get an Idea of physical action and
various forces Involved. It might also give an idea of the
measurements to be taken and the equipment needed.
Corrugated aluminum roofing comes in different thicknesses
and various sizes of corrugation. By size of corrugation is
meant the distance between the corresponding points on two
consecutive ridges or valleys, ^he common sizes of currug—
ations are 1.26 inches and 2.66 inches. Thickness of a roofing
sheet is given a gage number. The gages used in the experiment
were 20 gage (O.O32 inch) and 26 gage (O.OI9 inch). The
theoretical analysis of the problem for 26 gage, 1.26 inches,
corrugated aluminum sheets is given below, other gages and
corrugation sizes can be treated the same way.
Description of sheet
The measurements of the sheets are shown in Figure 3»
They are:
Gage 26
Thickness of sheet (t)---- 0.019 Inch
Nominal pitch of corrugation 1.25 inches
-12-
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Fig. 3. Part Cross-section of 26 gage, 1.26 inch
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Actual pitch of corrugation • - 1.26 inches
Length of sheet ----------- 12 feet
Width of sheet ------------ 25.83 inches
Nujnber of corrugations per sheet - - - 20 1/2
Sheet alloy - -- -- -- -- -- -- 3S- 3/4H
Boof deck
The roof deck is asstuned to be of open slat type. The
rafters are two inch by four inch members. The spacing be
tween the nailing girts is 12 inches center to center and are
also two inch by four inch members. The spacing of nails,
lengthwise as well as crosswise is 12 inches. There are I3
nails in a row lengthwise and there are 3 such rows per sheet.
There are I3 rows across the sheet with 3 nails in each row,
Figiare 8, The side lap and the end lap are 2 1/2 corrugations
and 6 inches respectively.
Analysis
It is not possible to have an exact theoretical analysis
due to some unknown factors involved. The pattern of expansion
is unknown and cannot be determined without an experiment. If
the sheet is not fastened with nails and if the temperature
is raised, the sheet expands depending upon its linear dimen
sions, coefficient of thermal expansion and the temperature
*3i^^®rential. When the sheet is free to expand, no thermal
stress will be set up in the material. It is a case of strain
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wlthout stress. The effect of fastening the sheet with nails
on the deck is to prevent its expansion or contraction, as the
case may be, only partially. The amount of expansion or con
traction prevented is not known and cannot be computed theoreti
cally. Again it should also be noted that the extent to which
amount of expansion or contraction is restrained differs with
different locations on the sheet. As for example, the expan
sion along a line connecting two nails will be very small,
most of it being prevented by the two nails. The material
along a line between two nails will be relatively free to ex
pand and the expansion will be comparatively larger. But the
relation between the expansions in the two cases is not known.
These iinknown factors make it impossible to have an exact
solution to the problem as to what is the bearing stress devel
oped between the nail and the sheet.
A very approximate analysis is possible by making a number
of assumptions. The assumptions are as follows,
1. Nails prevent all expansion.
2. There are no initial stresses.
3. Temperatures may affect the dimensions of the members
of the deck. This might in tiirn develop some stresses
in the sheet. But in this case it is assumed that
expansion or contraction of wood is negligible.
4. There is no other load on the roof.
It should be kept in mind that the first assumption is
far from the real thing but because of lack of knowledge of
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vhat actually happens, it is reasonable to make that assump
tion for theoretical purposes. Wiile considering the last
assumption, it should be noted that wood has comparatively small
coefficient of expansion but change of moistxire content affects
the dimension of the members.
With the help of above assumptions and keeping their
limitations in mind, the problem can be solved. Let it be
assumed that the sheets are fastened at 20^ F and then the
temperature is raised to 120° F, the temperature change being
100® F, As a result the sheets will expand longitudinally
and crossways. Changes in dimensions in both the directions
will be considered separately. First, the change in the
lengthwise direction will be considered. If the sheet were
free to expand, its expansion would be
® C • Xj. t.
where
c = coefficient of thermal expansion per
L s length of sheet in inches.
t = change in temperature in ® F.
When the length is 12 feet, c = 0,0000125 inch per inch
per ^ (1, p.28), and t = 100° F, elongation of the sheet
will be
= 0.0000125 x 144 X 100
s 0,18 inches.
In considering the expansion crossways, the corrugated
shape has to be taken care of. If the sheet is free to expand
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the corrugations will have tendency to flatten out, thereby
increasing the radius of curvature. If the shape of corruga
tion is supposed to be part of a circle, then the expansion
in the horizontal direction will be same as the circumferential
expansion. It can be shown that the radial and the circum
ferential expansions are equal. If d be the initial diameter
of a circle and D be the diameter of the same circle after
expansion, then the clrcxjmferentlal unit strain
= TT D -TTd = D-d
" d d
The radial unit strain will be -2——S, Therefore, if w
Inches be the width of the sheet in the horizontal direction,
elongation across the sheet will be
~ c. w. t»
The width of sheet is 25«83 inches. Therefore the total cross
wise elongation will be
= 0.0000125 X X 100
= 0.0325 inches
Thermal atrcsseg
An assumption was made In the previous analysis that the
sheet is completely restrained by fastening It down with nails.
The sheet tries to expand, and the nails resist expansion by
developing a compressive force in them. This compressive force
of the nail sets up compressive stress in the sheet. This
•17-
physical action (Fig. 4) takes place in both directions, length
wise and crossways# In addition to these stresses in two
directions, there is another stress across the sheet. The com»
pressive force of the nail in this direction sets up flexural
stresses. But for the time being, they will not be considered
because it is not possible to evaluate them at this stage.
^'aking into consideration the Poisson's ratio which is
0,33 for aluminum alloys (Ij p. 20) the compressive stresses
in both directions can be evaluated. Let x denote the length
wise direction and y denote direction across the sheet. If
ex and ey be unit strains in respective directions, then
Where Sx and Sy are compressive stresses, m is Poisson's
ratio and E, the modulus of elasticity of the material. Solv
ing the simultaneous equations for Sx and Sy we have
sx = E
Sys E (ev + mex)
1 - m2
Now it is possible to evaluate Sxand Sy.
ex = total elongation in x direction in j.nches
length of sheet in inches
S 0>180
144
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= 0.00125 inch per inch.
ev s total elongation In y direction In Inches
.width of sheet in inches
25783
= 0.00125 Inch per inch.
Sx E g (fly S^7?
1 - m2
- 10 X10^ (0.00125 + 8.^^ X0.00125)
1 - (0.33)2
= 18,700 p.s.i.
Sy will have the same value.
As pointed out above, all the nails offer a resisting
force to the movement of the sheet. The total compressive
force on the whole sheet can now be evaluated which would be
equal to the thermal stress multiplied by the cross sectional
area of the sheet. The cross sectional area across the sheet
is 0.596 square inches. Therefore total force will be equal
to 18,700 X 0.596 = 11,140 pounds (Fig.5). This force is
compressive and the direction of the force is lengthwise.
This force is the summation of the forces offered by all
nails. The assumed distribution of forces is shown in Fig.
5A. There are 26 nails per sheet sharing eq\ially the total force
of 11,140 pounds. Therefore force developed in each nail is
-20-
Fx =Total force on^gheet In x direction
Fx = ii4i2
26
Fx = 430 lbs.
Bearing stress between the sheet and the nail can nov be
evaliiated. If t be the thickness of the sheet and d, the
diameter of the nail, the bearing stress Sb will be
SI, - Force per nail
d.t
In this case, d = diameter of nail = 0*14 inch, t =
thickness of sheet = 0»019 inch, force per nail Px = 430 lbs,
Sbx = ^
0.140 X 0.019
=5 162,000 p.s.i.
This stress Is very large. Such a large stress will not
be obtained In actual practice because the expansion will be
partially restrained. Again the chances are that the sheet
siirface romd the nail may slip down on the nail thereby
relieving the material of some of the thermal stress. It
should be pointed out here that all the nails except the end
nails exert theoretically equal forces in opposite directions.
The end nails exert force only in one direction and so they may
have some bending and consequently bending stresses. The
flexural stresses In the end nails can be caluculated on the
basis that they act like a fixed cantilever. But the wooden
member In which the nails are driven also gives up to a certain
extent, and so the nails do not remain rigidly fixed In the
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wooden member. With the equipment available, the measurements
of actual stresses in nails was not possible. There is another
point also which should be mentioned here with regard to end
nails. When the roof is heated, the nails will exert force in
on direction and the direction will be reversed when the roof
cools down. Year in, year out, the roof undergoes these cycles.
The end nails bend In one direction and then In the opposite.
This may eventually loosen the nail and the withdrawal resist
ance of the nails may be reduced.
If the sheet is allowed to expand freely crosswise the
expansion would be 0.032? inches. When the sheet Is fastened
to the deck with nails, it is assumed no expansion takes
place due to heating and as a result thermal stress will also
be set up crossways. This was calculated to be 18,700 p.s.i.
In the preceding pages. This will also cause bearing between
the nail and the sheet and the process to determine the bearing
pressure is identical to one carried out for bearing stress
In longitudinal direction.
The total force across the sheet will be
= Thermal stress x cross sectional area.
= 18,700 X L.t.
= 18,700 X 144 X 100
= 51,000 lbs.
Force per nail will be ^
Fy * Total force on the sheet crossways
Number of nails per sheet
-22-
Fy = 1,960 lbs.
The bearing stress will be
• ift
= I960
0,14 X 0.019
= 736,000 p.s.l.
This stress is enormously high. Such a large stress does not
develop in an actual case. The sheet will give way at a stress
much below this value. Such a large value of stress is obtained
because It is assumed that all elongation is restrained.
Due to the shape of the sheet, the force exerted by the
nail will cause flexural stresses on the sheet. It is now
possible to calculate the flexxiral stresses. The bending
moment will vary from point to point on a corrugation. The
maximum bending moment will occur at the bottom of a valley
and mlnlmoim at the top of a ridge. The depth of the valley
is 3/8 inches. Therefore maximum bending moment will be
M = Fy . h
where M * maximum bending moment
h = depth of valley
M = Fy . h
= 1,960 X 3/8
= 735 lb. in.
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The maximum compressive stress in the sheet will be at the
bottom of the valley and it will be
Se = ^ Mc
A I
where
A = cross sectional area
C B half the thickness
I s moment of inertia
A = breadth (b) x thickness (t) = 12 x 0.019 =
0.228 ln.2
C = 2±012 = 0.0095
I = b X t3 _ 12 X 0.0193, 5^85 x 10"^ in.^
12 12
Sc = ^
A 1
_ I960 ^ 7^? X 0.0095
0.228 6.85 X lO-o
= 8600 + 1,020,000
= 1,028,600 p.s.i.
This Is compressive stress at the bottom of the valley. The
s6rass at the top of the ridge will be also compressive and
will be
- Fjr
A
_ I960
0.228
= 8600 p.s.i.
/
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The theoretical values of stresses are erroneously large
due to the first assumption. It shows the variation of stresses
at different locations on the sheet.
Experimental
General
It was assumed In theoretical analysis that the sheet was
not allowed to expand any. Evidently this assumption was not
right. It was not possible to decide how much the sheet would
expand at each point on the surface of the sheet and then
figure out the stresses developed. The only way to get some
idea about the expansion of the sheet was through experimenta
tion. There are more ways than one to get this information.
One possible way is to put on an actiial roof over a farm build
ing and make required measurements to compure the thermal stresses
developed throughout the whole year. In this case this method
was not followed because it required too long a time.
The method followed in this case was a laboratory test.
In general the method was to make a frame of wooden members
which can be generally compared with a roof deck. Aluminum
sheets were applied on the frame at 20*^ F. Electric strain
gages were applied on the sheet at certain locations. Then
the whole panel was heated to 120° F. The expansion of the
sheet was measured at different locations. From the measure
ments of the unit strains, the force exerted by the nail on
the sheet and the resulting bearing stresses, were computed.
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This method had advantages and some disadvantages, The
advantages were the ease of control of temperature and ease of
measxurements. It did not depend upon nature. The main disad
vantage was that the laboratory test vas not a hundred percent
duplication of what happens in an actual roof on a farm build
ing. Maybe the actual roof is under more strenuous conditions
than the sheets in the laboratory test.
The laboratory test was made on the following types of
corrugated altuninum sheets.
1* 20 gage, 2 1/2 inch corrugations.
2. 26 gage, 2 1/2 inch corrugations.
3. 26 gage, 1 1/4 inch corrugations.
ATJParatus
The experiment required a refrigerated room. The refrig
erated room is located in the southeast corner of the structures
research laboratory in the Agricultural Engineering Building.
The room is about 11 1/2 feet long and 6V2 feet wide and
7 feet high. The room is well insulated. It is cooled by an
automotive type compressor unit which sits outside the room.
The roof panels used for testing were 12 feet long and the
width varied between 4 feet and 6 feet depending upon width
of the sheets. The panels had to be placed diagonally in the
room. It was not possible to put the panel on the floor, that
is, in a horizontal position but it had to be kept in a verti
cal position. This made it a little difficult to use the device
•26-
to measure the shape of corrugations and also the use of ex-
tensometer. A temperature recorder was kept in the cold room.
A fan running at a slow speed helped to keep a good distribu
tion of cold air in the whole room. A mercury thermometer was
kept in contact with the Surface of the sheets on each panel
to meastire the temperature of the sheet itself. The tempera
ture of the room was about 24^ F.
A hot room was also constructed in the structures labora
tory, Figure 6. It was about 1? feet away from the cold room.
It was 12* X 8', It was a little easier to accommodate the
panels in this room than in the cold room. It was heated by
an electric heater consisting of three 1000 watts heating
elements. A temperature recorder was kept in the room for
continuous record of temperatures. A fan helped to keep the
temperature of the room constant at 120® F.
The roofing frames or panels, Figure 7» on which corru
gated aluminum sheets were applied for the tests were made
up of two inch by four inch wooden members. The panels were
12 feet long and the width of the panels depended upon the
width of the sheets. The panels were made wide enough to put
on two sheets with the required side laps. £ach panel was built
up of two members 12 feet long and on them were fixed other
members crossways, the center to center distance between any
two consecutive ones being 12 inches. Glue was used for making
the panel as it Increased the rigidity.
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Fig« 6, Hot Room
Fig. 7. Roof Frame
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Three types of corrugated altunlnum sheets were tested,
(1) 20 gage, 2.66 inch corrugations, (2) 26 gage, 2*66 inch
corrugations and (3) 26 gage, 1.26 inch corrugations. The
20 gage sheets were 0.032 inch thick and 26 gage were 0.019
inch thick. The aluminum alloy from which they were made
was 3S - 3/4- H. Three sheets were put on each panel. One
sheet was 12 feet long. Each of the other two were cut 6.25
feet long, so that with an end lap of 6 inches, the total
length of the two was 12 feet. The side lap depended upon
the size of corrugations, 2 1/2 corrugations for 1,26 inch
corrugations, 2 corrugations for 2.66 inch corrugations. The
end lap In each case was 6 inches. Laps were according to the
instructions of the manufacturer. Nails were used at every
foot in the longitudinal direction. There were three rows of
nails on each sheet, each row containing 13 nails in the
lengthwise direction. In addition to these nails, more nails
were used on 6.2? feet long sheets, at ends in each valley of
the sheets. The idea was to create the most severe condition
from the expansion point of view. This arrangement was
supposed to tightly hold the two ends. The nails used for
fixinc the ihMti were also made of alufflinuai alloy, Bach
nail was 1 3/4- inch long and approximately 0.140 inch in
diameter. The nails were plain shank and were used with
neoprene washers. Figure 8 shows the arrangement of nails.
SR-4 strain gages of two types were used to measure
strains due to change in temperatures. They were A-3type
lO
V —
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and AR-3 type. In general, SR-4 strain gage employs a bonded
metallic filament as the strained element* The filament has
the property of changing its resistance as result of strain*
It is very sensitive and can measure unit strain of one
microinch per inch. A-3 type measured strain in one direction
only. The nominal gage length was 13/16 inch and width was
11/32 inch. The specifications of A-3 type were as follows:
Type A-3; resistance in ohms 119*2 - 0.2;
gage factor 2.04 1 IS^; lot number 502.
The other type was AR-3 which was a rosette type. It
measured strains in four directions because it was composed of
four A-3 type gages in one. Three of them make an angle of
60® with one another and the fourth is perpendicular to one
of them. The use of a rosette helped to compute stresses
needed and also to check the gage readings. The specifications
of AR-3 type were as followsJ
Type AR-3; resistance in ohms 120.0; gage factor
2.06 * auxiliary factor 1/55; lot number 126.
The gages vere applied to the sheets according to the
instructions of the manufacturer. These gages applied to the
panel were called active gages. Another gage was applied to
a piece of aluminum alloy of the same type as the roofing
sheet and was called the compensating gage or the compensator.
The compensator and the active gages were successively connect
ed to a strain measuring equipment called SR-4 Type K Portable
Strain Indicator. Only one gage at a time could be connected
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to the strain indicator. It measured unit strain directly.
The smallest amount of unit strain that could be measured
with this instrument was one microinch per inch. The gages
are shown in Figure 9 and the indicator is shown in Figure 10,
A device was made in the laboratory to measure the change
in shape of corrugations and any buckling in the sheet. The
device is shown in Figure 11. The lower point always remained
in contact with the corrugated sheet when It was moved across
the sheet. A spring in 5/3 inch diameter steel ptpB kept the
lowest point pressed against the sheet. The vertical movement
of the point was magnified twice and recorded on a graph paper
by the lever arrangement shown in Figure 11. The steel pipe
was fitted in a wooden block and the whole block moved on a
wooden frame across the sheet. The whole arrangement is shown
in Figure 12.
An extensometer was used to detect any bending in the
end nails. It is shown in Figure 13. The least count of the
dial was 1/1000 inch. It was possible to get only qualitative
result with this dial. A frame, Figure 14, painted with
aluminum paint, was mounted on one end of the panel. In this
frame were driven 3 to 5 nails which were called reference
nails. In the center of the nailheads of the reference nails
and the end nails on the sheet were made punch marks. The
extensometer points were placed in two marks at a time, one in
the reference nail and the other in the corresponding end nail.
The reference nail remained steady. If the end nail bent, a
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Fig, 9. SR-4 Strain Gages
Fig. 10, SR-4 Type K t'Ortable Strain
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Fig, 11 Device used to measure change in Shape of
Corrugations and Buckling
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Fig. 12. Device to measure Change in Shape
of Corrugation and Buckling
Fig. 16, 26 gage, 1.26 inch Corrugated Sheet
Panel with SR-4 Strain Gage Applied
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Fig. 13« Extensometer
Fig. 14, Frame with Reference
Nails
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different dial reading would be obtained on the extensometer.
The frame was painted with aluminum paint to reduce changes in
its dimensions due to changes in the moisture content of wood.
Procedure
The wooden frame was made in the laboratory. This was
taken to the cold room where the temperature was about 24® F.
The room was not large enough in length and so the frame was
kept diagonally in the room. There was not enough area to put
it flat on the siarface and so it was kept in a vertical posi
tion. The wooden frame, sheets to be applied and the nails
were kept in the cold room for 24 hours or more. This allowed
them to change their dimensions without developing any stresses.
Then the sheets were fastened to the frame in the cold room
at 24°F. One was 12 feet long and it was applied to the frame
by fixing nails at every foot in the lengthwise direction.
At one of the ends the distance between two nails was less than
a foot. In case of 26 gage sheets three nails were placed in
each row crossways. The distance between two nails measured
horizontally was about 11 inches across the sheet. The nails
were always driven on the ridge. In case of 20 gage sheet
four nails being about 11 inches measured horizontally as
shown in Figure 8. In other words, the pitch of nailing was
12 inches longitudinally and 11 inches across the sheet. Two
more sheets each 6.25 feet long were also applied to the frame.
The end lap was 6 inches in all cases and the side laps were
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2 1/2 corpugations for 1,26 inch corrugations and 2 corrugations
for 2.66 inch corrugations. The laps were according to the
instructions of the raanufactiirer* These two sheets were
fastened with nails in the same way as the 12 foot sheet except
for one thing. At the two ends of the frame, the two sheets
were fastened as tightly as possible in order to restrain
their expansion# To achieve this purpose nails were placed
in each valley at the two ends in addition to the three nails
in the ridges. The idea was to create severe conditions from
expansion*
SR-4 electric strain gages were applied on these sheets
as shown in Figure 16. One of the nails in the central row
on the 12 foot sheet was selected at random and strain gages
were applied around this nail at various points which might
make it possible to calculate the force exerted by the nail#
To get an exact answer, several gages were reqixired. Here it
was attempted to get an approximate answer. Most of the strain
gages were A-3 type and only some, 2, 3 or more were rosette
type. Sone gages were to give longitudinal xinit strains and
others strains across the sheet. A gage was applied about an
inch away from the center of the nail hole on the top of the
ridge. This gage measured the unit strain in the lengthwise
direction near the hole. Another gage was located at 6 inches
away from the center of the nail hole also on the top of the
same ridge as the first one. This was done to see if the unit
strain is the same at all points on the straight line between
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two nails. It should not be theoretically. This was because
of the Poisson's ratio involved. The arrangement of the SR-^
gages can be seen in Figure 8 and Figure 1?. The gages were
applied according to the instructions of the manufacturer.
They were allowed to dry for twenty-four hours. Then the two
terminals of each gage were soldered to two wires, each about
12 feet long. Soldering was done in the cold room. Now the
terminals of the soldered wires could be connected to the
SR-4 indicator to measure strains whenever required. The gages
were numbered 1, 2, 3 etc. as shown in Figure 15. First, the
initial readings were taken by the SR-4 indicator which was
kept outside the cold room. The other sets of readings were
taken after twenty-four hoiirs and forty-eight hours. While
taking the initial readings, the compensator was kept in
the cold room at the same temperature as the sheets.
The device to measure the buckling was mounted on the
panel and the shapes of corrugations were graphed. The device
did not work well with 1.26 inch corrugations. Then the other
frame was mounted at one end of the panel to measure distance
between a reference nail and an end nail by an extensometer.
The dial reading of the extensometer was noted. The record
of temperatures in the cold room was kept by the temperature
recording equipment. A mercury thermometer was kept in
contact with the sheet surface to measure the temperature of
the sheet.
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Next the frame was transferred to the hot room where the
temperature of the room was about 120® F. The temperature of
the sheets was about 122^ F to 124® F. After the panel had
been In the hot room for about twenty-four hours or more,
unit strain readings were taken» The compensator was kept In
the cold room. The SR-4 Indicator was kept outside the hot
room. At an interval of twenty-four hours, unit strain read
ings were recorded for three or four days or sometimes for
more. The shapes of corrugations were graphed along with
buckling if any. The dial readings of the extensometer were
also taken*
After these things were done, the compensator was trans
ferred to the hot room from the cold room. After It had been
in the hot room for twenty-four hours or more, unit strain
readings were taken again at an interval of twenty-four hours
for two or three days. The frames to measure shapes of
corrugations and buckling and the bending of the end nails
were dismounted.
The panel was then transferred to the cold room again
with the compensator. Strain readings were taken after twenty-
four hours and at an interval of twenty-four hours for two days«
The same procedure was followed for the three panels.
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Analysis
The experimental results are given in tables II and
III. The readings taken with the panel and the compensator
in the cold room were called initial readings and are marked
in the tables as Run I. With the panel in the hot room and
the compensator in the cold room, another set of readings
were taken which were called final readings and are maried
in the tables as Run II♦ Then the compensator was transferred
to the hot room and a third set of readings was taken and
called final readings with the compensator in the hot room and
are marked in the tables as Run III.
If the sheet is free to expand the unit strain will be
ct where c is the coefficient of thermal expansion and t,
the rise in temperature. If the expansion is restricted, the
unit strain will be less than ct. This happens because the
restraint exerts a compressive force and the sheet Is compressed
If the actual tmit strain is measured, and let us call it m,
with the compensator in the cold room, it would be, as shown
in Figure 17,
m = ct'"
where
AE IE
inch per inch,
p = compressive force exerted by the nail on the
sheet
A = cross-sectional area over which p acts.
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TABLE I
Average Gage Readings for 20 gage, 2.66 Inch
Corrugated Aluminum Roofing Sheet
Runll Run III
1
2 0 3 - 800 0 4 - 150 0 3 - 470
3 B 8 . 660 B 8-965 B - 8 - 290
4 B - 8 - 120 B 8 - 400 3 - 7 - 700
5 6 • 2 - 910 0 • 3 - 410 0 • 2-900
6 B 10 . 370 B • 10 - 880 B - 10 - 180
7 0 - 3 - 630 0 - 4 - 150 0 - 3 - 450
8 0 • 4 - 730 0 • 5 - 343 0 - 4 . 623
$ 0 • 3 - 290 0 • 3 - 160 0 - 2 - 450
10 0 2 - 850 0 - 2 . 570 0 . 1 - 860
11 0 m 2 - 690 0 • 2-448 0 • 1 - 728
12 B 8 - 610 B • 8 - 130 B 7-448
13 B - 9 - 620 B - 9 - 327 B - 8 - 597
14 0 • 3 - 385 0 • 3 - 165 0 - 2 - 485
15 0 • 4 - 360 0 4 - 1010 0 - 4 - 280
16 0 • 4 - 465 0 - 4 - 900 0 - 4 - 300
17 0 • 4 - 790 0 — 5 - 530 0 — 4 - 830
Average temperature of sheets in cold room = 24^ F.
Average temperature of sheets in hot room s 124^ F«
Run Ii The gage reading with panel and compensator In the
cold rooffl«
Run III The gage reading with the panel in the hot room
and compensator in the cold room.
Run nil The gage reading with the panel and compensator
in the hot room.
In each reading, the first number gives the gage extender
position, the second number shows reference switch point
position aod the third number is the dial reading.
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TABLE II
Average Gage Headings for 26 gage, 2.66 Inch
Corrugated Aluminum Roofing Sheet
Gage No* Run I Run II Run III
1 0 5 oo 0 5 - 1060
0 5 600
2 0 • 2 — 0 • 3 - 190 0 - 2 - 733
3 0 • 4 - 300 0 - 4 . 1020 0 • 4 - 98
4 0 5 • 40 0 — 5 - 370 0 • 4 - 910
5 0 • 6 • 620 0 • 6 . 990 0 - 6 - 530
6 0 6 703 0 — 7 - 70 0 - 6 • 620
8 0 6 — 320 0 - 6 - 688 0 - 6 284
9 0 3 — 260 0 . 3 - 610 0 - 3 -> 170
IX 0 • 2 620 0 - 2 - 950 0 - 2 • 512
12 0 6 780 0 • 6 - 1070 0 - 6 - 610
13 0 - 3 - 140 0 2 • 510 0 • 3 - 30
14 B -> 5 - 930 0 - 6 - 738 B - 5 - 856
15 0 - 3 • 120 0 - 3 - 913 0 - 3 - 1
17 0 • 5 - 350 0 - 5 - 946 0 - 5 - 48
18 0 - 3 - 330 0 - 4 37 0 - 3 - 145
19 B - 9 510 B - 10 •- 91 B - 9 - 190
20 0 • 4 — 240 0 • 4 - 941 0 -> 4 . 55
21 0 • 5 — 320 0 5 - 1014 0 • 5 108
Average temperature of sheets in cold room = 24® F.
Average temperature of sheets in hot room « 124® F,
(For key to read table, see table 1}
TABLE III
Average Gage Headings for 26 gage, 1«.26 Inch
Corrugated Aluminum Roofing Sheet
Gaee No- Run I Run II Run III
1 0 4 610 0 . 5 220 0 4 - 520
2 0 • 4 - 760 0 - 5 * 340 0 • 4 - 660
3 0 • 4 - 720 0 - 4 800 0 4 - 470
4 0 — 6 • 90 0 • 6 • 660 0 • 5 - 970
5 0 - 6 - 100 0 - 6 0 • 5 - 993
6 0 • 6 - 300 0 - 6 - ho 0 • 6 - 204
8 0 - 3 - 360 0 - 3 - 967 0 - 3 - 279
9 0 • 5 9m 540 0 -> 5 > 415 0 - 4 - 720
11 0 •m 2 - 555 0 - 2 - 320 0 • 1 - 700
12 0 - 2 430 0 — 2 - 210 0 • 1 - 500
13 0 4 - 105 0 — 3 • 905 0 3 - 215
14 0 - 6 - 380 0 • 6 - 160 0 5 - 550
15 0 • 3 • 410 0 • 3 • 920 0 - 325
16 0 - 5 • 970 0 6 • 525 0 — - 925
1? 0 - 6 - 230 0 - 6 — 590 0 5 - 910
18 0 - 2 • 610 0 2 • 960 0 • 2 - 349
22 0 - 4 - 450 0 - 4 - 915 0 - 4 - 305
Average temperature of sheets in cold rooia s 24® F,
Average temperature of sheets In hot room « 124® F.
(For key to read table, see table I)
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Mc-y s compresive flexural stress
E = modulus of elasticity of sheet
Now if the compensator is transferred to the hot room and
another set of readings are taken, called n, the gage readings
would be
n » - h <• McIS inch per inch
Putting the discussion given above in a tabular form, it
would be as follows:
t
Panel s Compensator
locat ion i ],ocatlon
Cold room i cold room
s
Hot room s cold room
I
Hot room t hot room
s
Strain gage reading
VI.
m - n » Ct -
s ct
= constant
The readings m, n, and m-n are given in tables IV, V and
no restraint
p 4. Mc P + Mc
AR IE AE If
L
with a restraint
initial reading
m = ct -
n =
P-+ l£
.AE Te
I- + Msl.
AE ^
In an ideal case ct is the product of the thermal coeffi
cient of expansion and rise in temperature. In this case it
would be
ct = 0.00001250 X 100
= 0.001250 inch per inch
» 1250 microinch per inch
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It was found that in the experiment the valve of the con
stant ct was less than obtained theoretically above. The
reason seemed to be that the length of the wires connected to
the compensator was more than that of the wires connected to
the active gages. The length of the compensator wires had to
be more because the distance between the cold room and the hot
room was about 15 feet. The length of the wires connected to
active gages were about 12 feet while compensator wires were
about 20 feet long. Resistance of the wires are also affected
by the temperature changes. If the length of the active gage
wires and the compensator wires are the same, the resistance
changes would be balanced. But due to the fact that the com
pensator wire was longer^ ct was reduced from 1250 microinch
to a lesser value. The fluctuations in the value of ct were
due to the fact that all active gage wires were not equal in
length and even kinks in wires made a small difference in
readings.
Terms involved in m and n need a closer examination. P
is the force in pounds exerted by the nail on the sheet. It
should be realized that the magnitudes of the forces exerted
by the nail in the lengthwise direction and across the sheet
would be different. A is the cross-sectional area over which
P acts. Considering the lengthwise direction, A will be equal
to the product of thickness of sheet and the corrugated dis
tance between the two nails across the sheet. A in force
acting crosswise will be the product of the thickness of sheet
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TABLE IV
Measured Unit Strains for 20 gage, 2.66 inch
Corrugated Aluminuni Roofing Sheet
n
Gage
No,
m
Microinch
per inch
Micrdnch
per inch
m • n
1
2
3
4
I
9
10
11
12
13
14
16
17
K = C,t* -
350
305
280
500
510
520
613
•130
-280
-242
-480
-293
-220
650
435
740
I ♦ ^ «Run II - Run I
P , Mc
I ^ rn
m - n = c.t
-330
-370
-420
-210
-190
-180
-107
-840
-990
-962
-1162
.1023
-900
-80
-245
40
= Run III - Run I
constant
680
675
700
710
700
700
720
710
710
720
682
680
W680
700
TABLE V
Measured Unit Strains for 26 gage, 2.66 Inch
Corrugated Aluminum Hoofing Sheet
m n
Gage Microlnch Microlnch ffl - n
No. t>er inch uer inch
1 360 -100 460
2 350 -107 457
3* 720 -202 922
4 330 -130 460
? 370 -90 460
6 -83 450
8 368 -84 452
9 350 -90 440
11 330 -108 438
12 290 -170 460
13 370 -110 480
14* 8o8 -74 882
15* 793 -119 912
17* 596 -302 898
18* 707 -185 892
19* 581 -320 901
20* 711 -185 896
21* 694 -212 906
For key to read table, see table 17
♦Rosette, others are A-3 type
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TABLE VI
1.26 inchUeasured Unit Strains for 26 gage, ,
Corrugated •Aluminum Roofing Sheet
ffl n
Gage Mlcrolnch Mieroinch m - n
No. tier inch cer inch
1 610 -90 700
2 580 -100 680
3* 80 -250 330
4 570 -120 690
5 613 -107 720
6* 510 -96 606
8 607 -81 688
9 -125 -820 695
11» -235 -855 620
12 -220 -930 710
13 -200 -890 690
14* -220 -830 610
15* 510 -85 595
16* 555 -45 600
17 360 --320 680
18* 350 -270 620
22* 465 -145 610
For key to read the table, see table 17
* Rosette, others are A-3 type
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and the longitudinal distance between two nails irtilch was 12
inches.
The term ^ is described as flexural compressive stress.
Let us 9se what this term means in case of longitudinal force
p, M is the bending moment, c is half the thickness of sheet,
and I is the momant of in^rtiA. The action of force P is
shown in Figure 18. It can be shown with the help of free body-
diagrams that the force P will not develop any bending moment
on the tops of the ridges. In Figure 18A the diagram (a) shows
the compressive force P exerted by nail. This is resisted by
an equal opposite force P in the bottom of the valley, and M
is the resisting moment which keeps the body in equilibrium.
Continuing with the remaining part of the corrugation, P*s are
forces eqvial and opposite and M is again the resisting moment
keeping the body in equilibrium. Thus the force P exerted by
the nail does not develop any bending on the tops of the ridges,
but it will only cause thrust P as shown in Figure iSk (b).
As a result of this thrust, the bottom-most points on the
valleys are pressed against the sheathing member and the
sheathing member offers resistance R as shown in Figure 18,
This resistance R develops bending moment on the tops of the
ridges of corrugations and it Is obvious that this bending
stress will be compressive. In other words M stands for
bending moment developed by resistance R, in case of the ridge.
On the other hand, force P will develop a bending moment in
the valleys and B does not. So in case of valleys M stands
/
/
/
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Fig. 18. Forces developing Bending Stresses
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Fig. I8A, Free Body Diagrams showing action
of Force P
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for bending moment developed by the force P. Thus ^ will
have different values depending upon the location. No attempt
was made to increase bending moment developed.
The results given in tables IV, V, and VI, showing the
values of n was the amount of compression developed in the
sheet by the nail. This compressive strain was used to deter
mine the stress developed at a location in the lengthwise direc
tion and across the sheet taking into consideration the Poisson's
ratio. The Poisson*s ratio for the aluminum alloys was 0,33
according to the Alcoa Structural Hand Book.
A sample of calculations is given here. For the strain
gage number 3 on the 20 gage sheet with 2.66 inch corrugations,
the readings observed were as follows (from Table I):
Range Reference Dial
Extender Switch Reading
Initial reading, Run IB 8 660
Final reading with compensator
in the cold room. Run II B 8 965
Final reading with compensator
in the hot room B 8 290
m « ct -
n = .
P I Mc
IE ^ Te
j. Ms.
AE ^ IE
• (9^5 - 660) 305 microinch per inch
(290 - 660) = -370 microinch per inch
0 - n = 305 - (-370) « 675 microinch per inch
Thus the ccaapressive unit strain Ih the strain gage 3 wfis
370 microinch per inch. To compute the compressive stress in
the lengthwise direction at the location of strain gage 3,
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the cofflpresslve strain across the sheet at the same location
was also needed to take care of the Polsson's ratio. This was
measured hy the strain gage number 14, Figure 15? which was
900 microlnch per inch, Table IV. If 4cbe the compressive
stress In the lengthwise direction and Sy across the sheet,
then Sx and Sy are given by
Sx = E (gy "sy} p.s.i.
1 -
Sy « fi (?y + p.s.i.
1 - m
where
E s modulus of elasticity s 10 x 10^ p.s.l.
ffl = Polsson's ratio = 0,33
ex = compressive unit strain longitudinally or In x
direction
ey = compressive unit strain across the sheet or In
y direction
Sx = 10 Xlo6 n70 0.^^ X900) 10~^
1 - (0.33)2
® 7j500 p.Sala
Sy =10 X10^ (900 + 0.33 X370)
1 - (0.33)^
» 11,500 p.s.i.
Stresses calculated for different locations on the three panels
are given in Table VII.
All the longitudinal stresses were used to determine the
longitudinal force and the crosswise stresses to compute the
crosswise force, both exerted by the nail. The longitudinal
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TABLE VII
Thermal Stresses in Longitxidinal Direction and
Crossways in Three Panels
Location
of
Gage
I II III
Sx
p • s • 1 •
Sy
p.s.i.
Sx
p • s • i •
Sy
p.s.l.
Sx Sy
P*S*3-* Pa8»l-»
A 7850 11,000 1800 1490 4430 9640
B 6000 11,850 1400 1542 4280 9900
C 54-50 11,500 1330 1520 4250 9700
D 7500 11,500 2550 1580 6600 10,100
£ 6600 13,610 1530 1610 4300 10,800
F 4-700 11,850 1350 1540 4200 10,300
G —— 4570 4700 3200
I 20 gage, 2 1/2 inch corrugated sheet
II 26 gage, 2 1/2 inch corrugated sheet
III 26 gage, 1 1/4 inch corrugated sheet
X and y denote longitudinal direction and crosswise
respectively.
For location of gages, see Figure 8,
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and crosswise stresses at locations In the line with the nail
across the sheet are shown In Figures 1^ and 20« Along line
AA are stresses transferred from other parts of the sheet and
the force exerted by the nail which Is unknown and to be deter
mined. Along line BB are stresses the summation of which should
be equal to the transferred stresses shown along AA plus the
force exerted by the nail, to keep the whole system in equil
ibrium, neglecting shear. The total force on the sheet at
line BB due to transferred stresses plus the force exerted by
the nail, and the force on the sheet due to transferred stresses
alone could be evaluated by graphical method described below.
Subtracting the force on line AA from that on line BB would
give the force exerted by the nail. Instead of evaluating .
forces at AA and BB separately and then determining the force
exerted by the nail, differential area obtained from the graph
was to get the force of the nail as described below.
Stresses acting at AA were plotted on the Y axis and the
distances from the cehter of hall hole, the points at which
stresses acted was plotted on x axis. The curve A was drawn.
The same thing was done for stresses at BB and another ciirve
B was drawn on the same graph.
Force = stress x cross-sectional area
dF s s z dA
where
F = force
AFig. 19,
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ri
Schematic Diagram showing Locations of
Measured Thermal Stresses along the Sheet
Fig. 20. Schematic Diagram showing Locations of
Measured Thermal Stresses across the Sheet
'A
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S = stress
A K area
therefore
F= J" sda
hut
dA = dx X t
where
X = distance of the location of stress from the
center of nail hole,
t = thickness of sheet
therefore
F = t sdx
s t X area under the stress-distance curve
Force exerted by nail =
(area under curve B x t) - (area under curve A x t)
Graphs are shown in Figure 21« Only half the area was
plotted and the other half was assumed to be similar. The
same method was followed for both longitudinal and crosswise
stresses separately.
Once the force of the nail was determined, the bearing
stress developed between the nail and the sheet was obtained by
the formula
icT
where
= bearing stress in p.s.i.
F = force exerted by the nail in pounds
:.ooo
lO.OOO
u/ ifl
[i: P-
•ji 0
G
u OJ
HL •<
h
Ifj
ui
j J
5 <
u
4L
U (f)
U1
X
eooc
4000
2000
-58-
I 20 ^AC^E 2,G& CoRRVjqATr.-D
n a& 2 (&&•• CoRKL'^AXED ShuTIT
TTI 2is> Qag^h 1.2C.' CoFRUqATr-D ShECT
o— IpTALStress at "BB
D iRANSr^RRED rr'TKF.SS at A A.
I Ceo-S'SWI'SE.
—o-
LoSjqiTUDt>>lA\-.
in LoHQlTUDlMAl.
^
H LoMqiTUDlNAL
-32=—
n c t2.os^ w
I I
•o-
-D—
O J S 3 A 5
"DiSTAMCE from TWr. OtlHTF.V. OP YH\ HO\Jt
SCAUC. \"=\!i''
Fig. 21. Distribution of Thermal Stresses
-59-
t = thickness of sheet in inches
d = diameter of the nail hole in inches
In case of 26 gage, 2.66 inch corrugated sheet, the area
between the two ctirves was measured to be 0.37 SQ* inches in
case of longitudinal stresses. The curves shown in the figures
were only half and the other half was assumed to be similar.
The total area between the two curves, therefore, was 0.74
sq* inches. Now
1 sq. inch area = 2000 x j x 0.019
= 50,7 lbs.
because the scales used in drawing the graphs were
vertical! 2000 p.s.i. to an inch
horizontal: ^ inch to an inch
0.019 inch was thickness of sheet.
Therefore force exerted by the nail would be
50.7 X 0.74 = 37.4 lbs. in the longitudinal direction.
- F
^ ~ d X ^
- ^7>4
- "6.14 X 6.019
^ 14,100 p.s.i.
The bearing stresses for three panels are given in Table VIII.
•Lj-iT
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TABLE VIII
Force Exerted by ^ails and Bearing Stresses
Developed in Different Sheets Due to 100® F
Temperature Change
Panel Direction
1-20 gage, longitudi-
2 1/2 in. nal
corrugations
sheet
** across
II - 26 gage, longitudi-
2 1/2 in. nal
corrugations
sheet
" across
III - 26 gage, longitudi'
1 1/4- in. nal
corrugations
sheet
across
Area between
two curves
sq« inch
2.02
0,74
0.58
1
1.28
Force F
lbs.
170.6
172
37.4
29.4.
50.6
64.6
Bearing
stress
P* 8« i•
38,200
38,600
14,100
11,100
19,100
20,420
-6l**
DISCUSSION
A careful examination of the values determined for the
bearing stresses developed will show that the bearing stresses
are higher in case of 20 gage, 2.66 inch corrugated sheet
than 26 gage sheets. From the bearing stress standpoint, one
might arrive at a conclusion that 26 gage sheets are more
desirable because they develop less bearing stress than 20
gage sheets. Again, the bearing stress developed in case of
26 gage, 2.66 inch corrugated sheet is smaller than 26 gage,
1.26 inch corrugated sheet. One might conclude that 26 gage
2.66 inch corrugated sheets are more desirable from bearing
stress standpoint. As a matter of fact 20 gage sheet la more
desirsble than the 26 gage sheets. The reason for low value
of bearing stress in case of 26 gage, 2.66 inch corrugated
sheet seems to be the fact that a little buckling might have
relieved the thermal stress. In 20 gage sheet there might be
no buciaing or very little buckling compared to 26 gage sheets
i^loh may be responsible for higher value of bearing stress.
The low value of bearing stress In case of 26 gage, 2.66 inch
corrugated sheet oan be explained as follows? There were
three corrugations between two consecutive nails across the
sheet incase of 26 gage sheet with smaller corrugations while
there was only one corrugation in case of 26 gage sheets with
large corrugations. The corrugations have a stiffening effect
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on sheets so far as buckling Is concerned. This explains why-
there might be buckling in case of 26 gage sheets with large
corrugations and buckling relieved the thermal stress and as
a result the low value of bearing stress was indicated. It
should be noted that buckling will also depend upon the radius
of the corrugations# The critical load will be more for 20
gage sheets than 26 gage sheets and more for 26 gage sheets
with small corrugations than for 26 gage sheet with large corru-
gations so far as the arrangement of nailing is the same as
used in these tests*
Table VII showed that at any location the compressive
stress across the sheet was larger than the compressive stress
along the sheet. This was due to the fact that any portion
of sheet was only under compression in the longitudinal direc
tion and was under compression and bending developing compres
sive stress across the sheet.
The quantity ct - P ^ Mc
A I
was denoted by m which was
negative in case of gages measuring strains across the sheet
as shown in Tables IV and VI. m was positive for all gages
measuring strains along the sheet. The negative value of m
meant that the compressive stresses due to bending were larger
than those due to the direct thrust exerted by the nail.
The value of bearing stress was about 38,000 p.s.i. in
case of 20 gage sheet, Alcoa Structural Handbook gave a
value of 33,000 p.s.i. for yield strength in bearing for a
permanent set of 2 per cent for the particular alloy of which
-63
the sheets consisted. It should be kept in mind that the
value of bearing stress obtained in these tests was approxi
mate, The compressive stress would vary from point to point on
a corrugation and it would be maximum at the top of a ridge
or in the bottom of a valley. It was not possible to measure
strains at every point on a corrugation. Strains were measured
only on tops and bottoms of corrugations. In other words,
the compressive stresses in Table VII were the maximunn stresses
in the sheets. These values were used in plotting the stress
distribution curves. Consequently the difference in areas
in case of each graph shown in Table VIII was larger than it
actually would be. Again, the differential area was assumed
to represent the force exerted by the nail. In reality it
represented the shear force also. The shearing stresses were
not measured in these tests. The real value of the bearing
stress would be less than that obtained in these tests.
In case of each panel one gage was attached near one of
the end nails to measure strain along the sheet. Compressive
unit strain in this gage was less than that in gage similarly
placed near any other in between nails. This fact proved
that the end nail bent a little due to the unbalanced force
on it. The same thing was indicated by the extensometer which
gave only qualitative results. One or more gages were attached
to the other sheet on the frame which was tightly nailed at
the end to see if it created a more severe condition from the
standpoint of thermal stresses. The results showed that the
-64-
stresses were high but not dangerous. The sheets were not
torn around the nail hole.
It should be realized that the results obtained in these
tests were approxiniate. Two or three points were less than
required to obtain a good stress distribution curve. The
limiting factors in obtaining more points on the curve were
the cost of strain gages and limited available space to apply
gages on the sheet. As mentioned in previous pages, different
forces caused bending moment on the top and in the valley of
a corrugation and it was not possible to measure these forces*
Again, it was difficult to measure the bending moment at a
point because the strain gage measured strain over a length
and not at a point. In case of corrugated shape, the strain
gage covered a part of ridge or valley and the strain measured
was the average strain in that part of ridge or valley. On
the basis of strains measured in this fashion, bending stresses
at any point in corrugation could not be correctly computed.
Much data were not collected on the performance of 6 foot
sheets compared to 12 foot sheets. But from the limited data,
it seemed that 12 foot sheets were no worse in buckling than
6 foot though the strain was larger in 6 foot sheets with
the arrangement of nails used in these tests. It should be
realized that use of 12 foot sheets for roofing purposes
result in saving of labor and material.
Some difficulties had to be encountered in carrying out
the experiment. The experiment required to do work in the
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cold rocm for quite a long time at a stretch. One had to
work with delicate strain gages and soldering equipment at a
temperature of 20° F. it was difficult to apply strain gages
in the cold room and they did not stick readily.
The results of these tests were true for the nail spacing
used in the experiment. A roof undergoes many cycles of heating
and cooling. This experiment was limited to one cycle only.
-66**
PTJETHER INVESTIGATIONS
1. Performance of corrugated aluminum sheet roofing with
respect to temperature changes with another arrangement
of nailing.
2. Optlm\im size of corrugations so as to give more structural
stability,
3. Study of effect of temperature changes on corrugated alumi
num roofing sheets when a roof undergoes a niu&ber of cycles
of heating and cooling.
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CONCLUSIONS
1. If the aluminum corrugated sheets are properly applied to
a sound roof deck, sheets will not tear around the nail
holes if the temperature differential is within 100® F.
2. The bearing stresses developed in the sheet around the
nails are not large enough to enlarge the nail holes to
cause leaks in roof.
3. The end nails bend a little due to an unbalanced force,
4-. There will not be appreciable buckling so as to be unde
sirable from standpoint of structural stability if the
sheets are properly applied.
5. From the standpoint of bearing stresses due to temperature
changes, 26 gage sheet with smaller corrugations is more
desirable than 26 gage sheet with large corrugations if
the same arrangement of nailing is used as in the tests.
A sheet of 20 gage is more desirable than 26 gage sheet.
6. From the limited data, it seemed that 12 foot sheets were
no worse in buckling than 6 foot sheets with the arrange
ment of nails used in these tests.
•68*"
SmSART
The chief object of the investigation was to study the
performance of corrugated aluminum sheet roofing with respect
to temperature changes common in Iowa. It is feared that due
to comparatively large coefficient of thermal expansion and
low strength of aluminum sheet alloy, sheet may tear around
the nail hole, the nail hole may enlarge so much as to caiise
leaks in a roof, and/or that appreciable buckling may b«
caused by extreme temperature changes common in Iowa,
First, the problem was analyzed theoretically. The experi
mental part consisted in testing three panels. Three types
of corrugated aluminum sheets were used in the test, (1) 20
gage, 2.66 inch corrugations; (2) 26 gage, 2,66 inch corruga
tions; and (3) 20 gage, 1.26 inch corrugations. Three sheets,
two 6.25 feet and one 12 feet long, were applied on each
panel. Nails were driven at an interval of approximately 12
inches longitudinally and crosswise, always on the ridge, on
12 foot and 6.2? foot sheets. On 6.25 foot sheets, additional
nails were driven at two ends, with a view to create the most
severe condition from the expansion standpoint. The sheets
were fastened to the frame at 20® F and then the panel was
heated to 120® F, a temperature differential of 100°F, Unit
strains were measured by Sfi-4 strain gages. Buckling, if any,
was also measured. An attempt was made to measure qualitatively
-69-
the bending of the end nails. Force exerted by the nail on
the sheet to restrain expansion and the bearing stress devel
oped were computed from the measured strains by graphical
method.
There was no tearing around the sheet in any case* Bear
ing stresses were not large enough to enlarge the nail holes
to cause leaks In a roof. In no case was there appreciable
buckling. It seemed that the essential thing was to put the
sheets on in a correct way, according to the instructions of
the manufacturer. The findings are limited to the arrangement
of nails used in the experiment.
From the standpoint of bearing stresses due to temperature
changes, 20 gage sheet is more desirable than 26 gage, and
26 gage sheet with small corrugations more desirable than
large corrugations.
-70-
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APPENDIX
The data given in tables I, II, and III are average
gage readings for the three panels tested. The complete
data are given in tables1, 2, and 3-
The designations are as follows:
Run II The strain-gage reading with panel and compen
sator in the cold room.
Run IIJ The strain-gage reading with the panel in the
cold room and compensator In the hot room.
Run IIlJ The strain-gage reading with the panel and the
compensator in the hot room.
In each reading, the first number gives the position of
gage extender, the second number shows reference switch point
position and the third number is the dial reading.
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